Background: Slowed gait is an important health indicator in older adults but a single identifiable cause is often lacking. We assessed whether a summary index measuring impairments across multiple physiologic systems was associated with slowed gait in older individuals.
S
LOWED gait speed is common in older adults and is associated with increased risk for disability, cognitive impairment, and earlier death (1) (2) (3) . In some cases, a single identifiable cause of gait slowing is evident, but more often the underlying cause is unclear. While physical function can be adversely affected by a number of clinically overt diseases, declines in function retain an independent association with age (4) . Subclinical, asymptomatic, and undiagnosed changes to physiologic systems are common in older adults and may represent a pathway by which older age is associated with gait speed decline independent of clinical disease. Older adults may be particularly vulnerable to functional limitations when deficits occur across multiple organ systems (4) (5) (6) (7) (8) . Multi-system impairments are particularly important as many contributors to aging are not organ specific and age-related changes in one system may accelerate deterioration in other systems (9) . A single index that captures the full range of subclinical to clinically overt disease across several physiologic systems could provide a more complete measure of the multi-system biologic dynamic that may affect gait speed in older age (10) . To our knowledge, no previous analyses have assessed the association of gait speed with a summary index of subclinical and clinical disease across multiple systems.
The physiologic index was developed to summarize disease burden across multiple organ systems, including vasculature, lungs, kidneys, brain, and glucose metabolism (10) . It uses non-invasive tests to capture a wide range of disease from subclinical to clinically overt. The physiologic index predicts mortality and disability onset independent of age and multimorbidity counts and is associated with, but distinct from, frailty (10, 11) . Thus, the physiologic index may be a useful tool to examine the impact of multisystem disease on gait speed in older adults.
We used the Cardiovascular Health Study (CHS) to assess associations of the physiologic index with gait speed over 6 years of follow-up. We hypothesized that individuals with higher index scores, indicative of greater multi-system disease burden, would have slower gait speed and greater declines in gait speed compared to those with lower scores and that these associations would be independent of age and clinical disease. Further, we hypothesized that the physiologic index would account for a greater proportion of the variance between age and gait speed than would a count of clinical diseases.
Methods

Study Subjects
Participants were from the CHS, a community-based study of 5,888 adults aged 65 years and older in four regions of the United States (12) . Recruitment from Medicare eligibility lists and age-eligible household members was conducted in 1989/1990 and supplemented by minority recruitment in 1992/1993. Participants were eligible if they did not have cancer under active treatment, were not wheelchair-or bedbound, and did not plan to move out of area within 3 years (12) . Participants (n = 3,010) were included in these analyses if they had complete data on components of the physiologic index at the 1992/1993 study visit and at least two measures of gait speed between the 1992/1993 and 1998/1999 visit. The 2,878 excluded participants were 354 who had died before the 1992/1993 visit, 1,918 who were ineligible for magnetic resonance imaging (MRI), 307 missing another component of the index, and 299 missing five or more gait speed measures.
Those in the analytic sample were younger (p < .001), more likely to be white (p = .002), had fewer diagnosed health conditions (p < .001), and had lower body mass index (p < .001) than the excluded. Comparing those in the analytic sample to those who were excluded but had data on physiologic or gait measures, those included had higher baseline gait speed and better values on all physiologic measures (all p < .001).
Physiologic Index
The physiologic index was constructed as previously described (10) . Atherosclerotic vascular disease defined by ultrasound as the mean of maximum left and right internal carotid artery wall intima-media thickness [IMT (13) ]. Spirometry using the American Thoracic Society standards measured forced vital capacity [FVC (12) ]. Fasting glucose (14) and cystatin C (15) , measuring kidney function, were assessed as previously described. Brain MRI was obtained on 1.5T scanners by a standard protocol with interpretation at a central reading center (16) . White matter grade indicated cerebral small-vessel disease (17) . Missing values at baseline for either cohort were imputed as previously described (18) . Missing values in 1992-1993 for members of the original cohort were replaced with the individual mean value from the 1991 to 1992 and 1993 to 1994 visits, if available, and if not, prior values were carried forward.
Construction of the index was based on tertiles of the five measures, with the best values classified as 0 and the worst as 2 (10) . Although choice of cut points was arbitrary, 0 generally represented a healthy, normal value, and values of 2 were in the range of individuals with clinically diagnosed disease in that organ system. Individual scores were summed for a total score ranging from 0 to 10. Cut points were: for carotid IMT, 0 (0.60-0.98 mm), 1 (0.98-1.71 mm), and 2 (1.71-3.94 mm); for FVC were sex-specific [women:
.5 mg/L); and for white matter grade, 0 (0-1), 1 (2), 2 (3-9) on a 0 to 9 ordinal scale. For interpretability, clinical cut points defined by the American Diabetes Association were used for fasting glucose [0 (<100 mg/dL), 1 (100-126 mg/dL), 2 (>126 mg/dL (19))]. Medicated diabetics were included in the highest tertile.
Gait Speed
Yearly assessments of gait speed were conducted over a 15-foot course at usual walking speed starting from a standing position. Time to complete the course (in seconds) was recorded by stopwatch. The average of two trials was converted to meters/second (m/s).
Clinically Diagnosed Diseases
Presence of arthritis of the lower extremities, kidney disease, osteoporosis, and chronic lung disease was selfreported physician diagnoses. Diabetes, CHD, CHF, and stroke were centrally adjudicated as described elsewhere (20) . Individuals were considered depressed if they had a score greater than 10 on a modified Center for Epidemiologic
Covariates.-Demographic and health characteristics known to be associated with gait speed in older adults were assessed as potential confounders (Table 1) . Age, gender, and race were self-reported at baseline. Height and weight were measured using standard procedures. Self-rated health was reported as excellent, very good, good, fair, or poor and was recoded as either good (good to excellent) or poor (fair or poor). Smoking status was never, former, or current.
Statistical Analysis
Descriptive statistics were calculated for all covariates by categories of the physiologic index using ANOVA or chi-square tests as appropriate. Mixed effects models with random slopes and intercepts were used to calculate means and 95% confidence intervals (CI) in gait speed and rate of decline in gait speed over follow-up by category of the physiologic index. Since rate of change was dependent on time of follow-up, time was centered in multivariable models to represent the mid-point of follow-up (year 3). Adjusted results included the following a priori identified potential confounders: age, gender, race, height, weight, and smoking status (never, former, current). Age, height, and weight were centered on the mean for the entire sample. Additional analyses included presence of each clinical disease either at baseline or as time-varying covariates, updated annually: diabetes, CHD, CHF, arthritis, stroke, kidney disease, osteoporosis, chronic lung disease, and depression. Interactions with time were tested for all covariates and significant (p ≤ .05) interactions were retained in final models. Additional analyses assessed the association of age with gait speed adjusted for the index or for a count of nine clinical diseases.
A sensitivity analysis determined whether removal of any one system altered the results. Due to differences in scale based on number of included systems, these results were analyzed as a per point change on the scale. A second sensitivity analysis substituted the digit symbol substitution test (DSST) for MRI results to assess selection bias by MRI eligibility (23) . All analyses used SAS 9.3 (SAS Institute, Cary, NC).
Results
Participants with higher physiologic index scores were older, more likely to be male, and reported worse health compared to those with the lowest score ( Table 1) . They also had a higher prevalence of all clinical diseases, except osteoporosis (Table 1) .
Each component of the index, except glucose, was significantly related to gait speed such that those in the second and third tertiles were significantly slower at baseline than those in the lowest tertile (all p < .04). For glucose, only being in the highest tertile was associated with slower gait speed at baseline (p < .001). Rate of change in gait speed by each component of the index followed a similar pattern of associations.
A significant quadratic term for the index as a continuous variable was observed (p = .001), indicating that associations between the index and gait speed were non-linear. Therefore, further analyses used index categories based on approximate quartiles as previously defined (see Table 1 for distribution) 10 . Baseline gait speed was inversely associated with physiologic index (p < .001), with those in the lowest (best) category having a baseline mean gait speed of 1.01 m/s (CI: 1.00, 1.03) and those in the highest (worst) category having a mean gait speed of 0.83 m/s (CI: 0.81, 0.85; Table 1 ).
In addition to baseline differences, the rate of change in gait speed was greater for those in higher categories of the index such that gait speed differences increased over time. There was a significant race by time interaction, indicating that black participants had a faster average decline in gait speed (−0.021 m/s/year) compared to white participants (−0.019 m/s/year; p = .02) in fully adjusted models. Rate of change in gait speed was also greater with older age (p < .001). For simplification, rate of change for white participants of average age are shown. By year 3, those in the Note: BMI = body mass index; CHD = coronary heart disease; CHF = congestive heart failure; SD = standard deviation; SRH = self-rated health.
best category had a mean gait speed of 1.00 m/s (CI: 0.98, 1.02) and those in the worst category had a mean gait speed of 0.76 m/s (CI: 0.75, 0.78; Table 2 ). Adjustment for age, demographic, and health characteristics attenuated results, but associations remained significant (Table 2 ; Figure 1 ). In fully adjusted models, difference in gait speed at year 3 between those in the highest and lowest index categories Table 1 ).
Sensitivity analyses determined that no system in the index was driving the associations with gait speed and that selection bias was minimal (not shown).
Discussion
A significant association between higher physiologic index and slower gait speed and faster decline in gait speed over 6 years was observed in this national cohort of adults aged 65 years and older. This association was attenuated but not eliminated by adjustment for age, demographic factors, health characteristics, and clinical diseases. In fully adjusted analyses, the effect on gait speed of being in the highest index category compared to the lowest was equivalent to 10 years of age. These differences were also on the order of previously reported increments indicative of increased mortality risk (3).
These results indicate that age-related declines in gait speed are more likely to occur when multiple organ systems are impaired, and that there may not be one key system that is primarily associated with maintaining gait speed (4) (5) (6) (7) (8) . Importantly, the organ systems included in the index were chosen as indicators of physiologic aging and not because of direct associations with functional outcomes (10); however, the associations with gait were robust. Differences were present across the full index range, indicating that no one system was responsible for the observed results. Further, removal of any system did not change the results. In some older adults, slow gait has a relatively rapid onset and the cause is apparent (eg, hip fracture or stroke). However, in the majority of cases, gait slowing develops insidiously over time and cannot be attributed to a specific cause (24) . In these cases, it is likely that gait slowing is due to an accumulation of more subtle impairments across multiple systems. Previous cross-sectional studies have demonstrated that multimorbidity in clinical disease is an important correlate of gait speed (6, 25) . Further, multimorbidity of clinical disease is associated with longitudinal declines in composite physical function measures (4) and presence of multiple geriatric syndromes arising from impairments in multiple systems are associated with increased risk of disability (7).
These results highlight the importance of subclinical and asymptomatic impairments in addition to clinical disease in relation to physical function in older adults. While inclusion of clinical diseases in the model here is likely an Notes: CI = confidence interval.
Results are shown for the categories of physiologic index. Rate of change in adjusted models represents change for white participants of average age. **p < .001 and *p < .05 compared to those with physiologic index = 0-2. †Adjusted for time 2 , age, age × time, gender, race, race × time, height, weight, and smoking status. ‡Adjusted for time 2 and baseline age, age × time, gender, race, race × time, height, weight, smoking status, diabetes, coronary heart disease, congestive heart failure, arthritis, stroke, kidney disease, depression, osteoporosis, and chronic lung disease.
§Adjusted for timeover-adjustment, the association between the index and gait speed remained even after adjustment. Further, inclusion of time-varying clinical disease attenuated but did not eliminate the associations, indicating that subclinical impairments are not simply impacting gait speed through an increased risk for development of clinical disease over time. Subclinical impairments in each of the organ systems assessed here have been shown to have negative impacts on gait speed and physical function in healthy older adults (26) (27) (28) (29) (30) , but have not previously been assessed together. The physiologic index may be a biomarker of aging (10); this is supported by the relatively strong attenuation of the age-gait speed association by the index compared to clinical diseases. In adjusted analyses, the effect on gait speed of being in the highest category of the index compared to the lowest was equivalent to 10 years of age. Ultimately, slow gait may represent a pathway by which high scores on the index increases risk for mobility limitations and disability (10,23).
Several limitations should be noted. First, all components of the physiologic index were measured only at the 1992/1993 visit; therefore, we were unable to assess gait speed related to changes in the index over time. Gait speed may have slowed in the more healthy individuals due to new onset of physiologic impairment. Improvements in index scores could also have occurred among those with initially high scores. Biases would not have occurred if the physiologic impairments increased at a comparable rate over time across all levels of baseline index scores. However, due to ceiling effects in those with the highest baseline indices, we may have underestimated the associations of the index with gait speed by not updating the index over time. Second, a large number of individuals were excluded due to missing data on either the index or gait speed during follow-up. This resulted in a younger, healthier sample for these analyses and may have reduced generalizability. However, the full range of physiologic index scores were observed in the analytic sample, suggesting that individuals with an adequate distribution of health and functioning were retained.
This study had several strengths. The physiologic index provides a measure of impairment in multiple organ systems without relying on self-reported or clinically diagnosed disease. Gait speed, an objective measure of physical function, was measured at multiple time points over a 6 year followup allowing for assessment of long-term trends.
These results provide further evidence that multi-system impairments can adversely affect physical function in older adults and extend this evidence beyond clinically manifest disease. Gait speed has been suggested as an indicator of underlying physiologic health in older adults and routine monitoring has been recommended (3, 31) . Older adults with impairments in multiple physiologic systems may need to be more closely monitored for slowing gait in order to prevent consequences such as mobility limitations and disability. Further, these results indicate that adjustment for overt clinical disease alone in studies of adverse outcomes related to slow gait speed may be insufficient as they do not capture more subtle impairments. Future studies should assess whether improvements in physiologic measures can slow or even reverse age-associated declines in gait speed.
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